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Fetal magnetic resonance imaging (MRI) has the potential to advance our understanding
of human brain development by providing quantitative information of cortical plate (CP)
development in vivo. However, for a reliable quantitative analysis of cortical volume
and sulcal folding, accurate and automated segmentation of the CP is crucial. In this
study, we propose a fully convolutional neural network for the automatic segmentation
of the CP. We developed a novel hybrid loss function to improve the segmentation
accuracy and adopted multi-view (axial, coronal, and sagittal) aggregation with a test-
time augmentation method to reduce errors using three-dimensional (3D) information
and multiple predictions. We evaluated our proposed method using the ten-fold cross-
validation of 52 fetal brain MR images (22.9–31.4 weeks of gestation). The proposed
method obtained Dice coefficients of 0.907 ± 0.027 and 0.906 ± 0.031 as well as
a mean surface distance error of 0.182 ± 0.058 mm and 0.185 ± 0.069 mm for
the left and right, respectively. In addition, the left and right CP volumes, surface
area, and global mean curvature generated by automatic segmentation showed a high
correlation with the values generated by manual segmentation (R2 > 0.941). We also
demonstrated that the proposed hybrid loss function and the combination of multi-view
aggregation and test-time augmentation significantly improved the CP segmentation
accuracy. Our proposed segmentation method will be useful for the automatic and
reliable quantification of the cortical structure in the fetal brain.
Keywords: deep learning, fetal brain, cortical plate, segmentation, hybrid loss, MRI
INTRODUCTION
A fundamental method for understanding brain development and disease is the quantitative
analysis of magnetic resonance imaging (MRI) data, which requires preprocessing steps such
as brain extraction, tissue segmentation (gray matter, white matter, and cerebrospinal fluid),
and specific region-of-interest segmentation. Advances in MRI technology have enabled in vivo
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human fetal MRI studies to examine early brain development
during the prenatal period. Among several quantitative indices
of the human fetal brain, cortical volume and cortical folding
patterns are crucial to the characterization and detection of
abnormal brain development (Scott et al., 2011; Clouchoux et al.,
2012; Im et al., 2013, 2017; Tarui et al., 2018; Ortinau et al.,
2019; Yun et al., 2020a). For a reliable and sensitive analysis of
its volume and surface folding patterns, accurate segmentation
of the cortical plate (CP) is necessary. However, manual or
semi-automatic segmentation has been used in previous studies
which is a highly time-consuming and challenging task with
high inter- and intra-rater variability. In addition, because fetal
brains exhibit dramatic changes in size, cortical shape, cellular
compartments, and image contrast at tissue boundaries, which
vary with gestational age (GA) compared to child or adult brains,
previous methods that were developed for the cortical gray
matter segmentation of mature brains are not applicable to fetal
brain segmentation.
Over the past decade, several algorithms for automatic
CP segmentation from fetal MRI have been proposed. The
expectation-maximization (EM) algorithm and atlas-based
segmentation method have been employed for fetal brain tissue
segmentation (Bach Cuadra et al., 2009; Habas et al., 2010; Serag
et al., 2012; Wright et al., 2014). However, previous studies have
reported results from a narrow GA range in a small number of
subjects, and/or exhibited large errors [4–16 subjects, accuracy
of CP segmentation measured by Dice coefficient = 0.63–0.84
and mean surface distance (MSD) error = 0.70–0.86 mm] (Bach
Cuadra et al., 2009; Habas et al., 2010; Serag et al., 2012; Wright
et al., 2014). The EM algorithm requires the precise estimation
of a mixture of tissue probability using linear and non-linear
registration between target images and a brain atlas. Likewise,
atlas-based segmentation requires precise registration, including
a non-linear approach between the target image and brain
atlas. Fetal CPs have a very thin band-shaped structure, and
the boundary of CPs is ambiguous owing to a low effective
MRI resolution and the partial volume effect, which limits
the accuracy of registration. Therefore, it may be difficult
to accurately extract thin CPs from fetal MRI using the EM
algorithm and atlas-based segmentation.
Recently, deep learning in the field of image segmentation has
shown superior performance compared to traditional methods
such as EM algorithm. Among various deep learning algorithms,
the convolutional neural network (CNN) has been widely used
for brain tissue and region segmentation in postnatal MRI
data (Zhang et al., 2015; Kleesiek et al., 2016; Milletari et al.,
2016; Ghafoorian et al., 2017; Chen et al., 2018; Kushibar
et al., 2018; Wachinger et al., 2018; Alom et al., 2019; Guha
Roy et al., 2019). Fetal CP segmentation methods based on
MRI and ultrasound have been proposed using CNN (Khalili
et al., 2019; Dou et al., 2020; Wyburd et al., 2020). One peer-
reviewed MRI study proposed fetal brain tissue segmentation
using a two-dimensional (2D) semantic CNN model that can
segment seven brain tissues, including the CP (Khalili et al.,
2019). However, the authors trained a CNN using the basic
Dice loss, which maximize the Dice coefficient of segmentation.
The basic Dice loss may not be optimal for relatively small
areas in the multi-label segmentation problem, which may be a
reason for the low accuracy of CP segmentation (Sudre et al.,
2017; Wong et al., 2018). They obtained a CP segmentation
accuracy that was relatively lower than the overall average
Dice coefficient (CP: Dice coefficient = 0.835; Overall: Dice
coefficient = 0.892) with a small number of fetal brain MRIs
for a wide range of GA (12 fetuses from 22.9 to 34.6 weeks).
Moreover, 3D information of the brain structures was not
fully utilized in their methods, since they trained the network
model using only coronal slices. To overcome the limitations
in the previous methods, we propose an enhanced method
for the automatic segmentation of the fetal CP using deep
learning based on a large dataset of fetal brain MRIs. Our
proposed method is focused on CP segmentation as our
aim is to achieve the optimal accuracy of cortical volumes
and surfaces. Numerous segmentation labels may require the
complicated deep learning network and achieve inaccurate
performance of CP segmentation. We propose a novel hybrid
loss function and utilize a multi-view aggregation with test-
time augmentation (MVT) approach to enhance the performance
of CP segmentation. We adopt a focal Dice loss function,
which is an exponential logarithmic Dice loss, to assign a large
gradient to the less accurate labels (Wong et al., 2018). Our
hybrid loss additionally includes a novel boundary Dice loss
to accurately segment the CP boundary areas. In addition,
the multi-view aggregation technique is used to enhance the
segmentation accuracy by applying a 3D information to a 2D
deep learning network. It combines three results from separate
learning networks of 2D slices from three orthogonal planes
(axial, coronal, and sagittal) to generate the final segmentation
(Guha Roy et al., 2019; Jog et al., 2019; Estrada et al., 2020).
The test-time augmentation (TTA) technique can obtain more
robust prediction results using multiple predictions for a single
input by applying the augmentation to test data, which is often
used for the training phase in deep learning networks (Matsunaga
et al., 2017; Jin et al., 2018). In this study, we applied both
multi-view aggregation and TTA methods to obtain multiple
results in each plane and to combine all results generated from
the three planes. The hybrid loss was compared with the basic
Dice loss, and MVT was compared with the results of the
multi-view aggregation, TTA, and single view prediction. We
hypothesized that MVT performs better than multi-view or TTA
because it combines more segmentation results without changing
the network and multi-view training structure. Furthermore,
volume- and surface-based indices were extracted from both
ground truth and automatic segmentation results and then
compared to examine the reliability of brain measurements
calculated from our segmentation.
MATERIALS AND METHODS
Dataset
The use of fetal MRIs was approved by the Institutional Review
Boards at the Boston Children’s Hospital (BCH) and Tufts
Medical Center (TMC). Typically developing (TD) fetal MRIs
were collected from subjects by recruitment, and retrospectively
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from clinical fetal MRIs performed to screen for abnormalities at
BCH but found to be normal. Inclusion criteria for TD fetuses
included no serious maternal medical conditions (nicotine
or drug dependence, morbid obesity, cancer, diabetes, and
gestational diabetes), maternal age between 18 and 45 years,
fetal GA between 22 and 32 weeks GA. Exclusion criteria
included multiple gestation pregnancies, dysmorphic features
on ultrasound (US) examination, brain malformations, or brain
lesions on US, other identified organ anomalies on US, known
chromosomal abnormalities, known congenital infections and
any abnormality on the fetal MRI. A total of 52 TD fetuses
(22.9–31.4 weeks of pregnancy) were identified and used in this
study. Fetal brain MRIs were acquired on a Siemens 3T Skyra
scanner (BCH) or Phillips 1.5 T scanner (TMC) using a T2-
weighted half-Fourier acquisition single-shot turbo spin-echo
(HASTE) sequence with a 1-mm in-plane resolution, field of
view (FOV) = 256 mm, TR = 1.5 s (BCH) or 12.5 s (TMC),
TE = 120 ms (BCH) or 180 ms (TMC), and slice thickness = 2–
4 mm. After localizing the fetal brain, the HASTE scans were
acquired multiple times in different orthogonal orientations (a
total of 3–10 scans) for reliable motion correction and the 3D
reconstruction of fetal brain MRI.
Preprocessing
First, we performed preprocessing on fetal brain MRIs (Im et al.,
2017; Tarui et al., 2018; Yun et al., 2019, 2020b). Using multiple
scans of HASTE, a slice-to-volume registration technique was
adopted to combine 2D slices of fetal brain MRIs to create a
motion-corrected 3D volume (Kuklisova-Murgasova et al., 2012).
We set the resolution of the reconstructed volume to a 0.75-mm
isotropic voxel size. Because the size, position, and orientation
of the reconstructed volumes vary for different fetuses, the
reconstructed volumes were linearly registered to a fetal brain
template using “FLIRT” in FSL and transformed to a standard
coordinate space (Jenkinson et al., 2002; Serag et al., 2012).
Then, the CP volume and whole inner volume of the CP were
semi-automatically segmented into left and right based on the
voxel intensities by two trained raters, and they were manually
modified to obtain the final segmentation by a single person. The
final segmentation from the semi-automatic approach was used
as ground truth.
We performed additional processes on the registered MRI for
better segmentation performance. First, we removed unnecessary
non-brain voxels from the registered volume by multiplying them
by the brain mask of the template. Second, the z-transformation
was applied to normalize the intensity distribution across the
entire MRI scan. Finally, the scanned image was cropped based
on the size of the dilated template brain mask and the size of
the 2D image of each axis plane, unified to a 128 × 128 2D slice
by zero padding.
Network Architecture
The deep learning network architecture is shown in Figure 1. We
configured the contracting (left side) path, expansive (right side)
paths, and skip connections, similar to the U-Net (Ronneberger
et al., 2015). The structure comprises repeated layers of the batch
normalization (BN), exponential linear units (ELU), 3 × 3 zero-
padded convolution, and a 2 × 2 max pooling with stride 2
(Ioffe and Szegedy, 2015; Clevert et al., 2016). Each network
layer is divided into blocks based on the size of the feature map.
Each block represents a structure in which the BN, ELU, and
convolution layers are present in triplicate. The order of the layers
in the block was composed of BN, ELU, and convolution by
referring to the evaluation result of the previous study (He et al.,
2016). Thirty-two feature maps were generated by convolution in
the first block, and the number of feature maps doubled as the size
of the block became smaller, finally generating 512 feature maps.
In the expansive path, we extended the feature map of the lower
feature map size block to the size of the higher size block using
3× 3 transposed convolution. The extended feature map and the
last feature map of a corresponding block on a contracting path
of the same size were concatenated and used as inputs of repeated
convolution. In the last layer, 1× 1 convolution was employed to
compress the desired number of labels from the 32 feature maps
to 5 (including background), and softmax activation was applied
to create a probability value for each label.
We additionally trained a 3D network to compare with the
performance of the multi-view aggregation. The 3D network
structure is basically the same with 2D network, and the 2D
layers are simply changed to 3D layers (e.g., 2D convolution to
3D convolution). However, due to the limitation of the graphic
processing unit (GPU) memory, the number of feature maps
generated by convolution in the first block starts with eight, and
the number of feature maps at the largest is 128.
Loss Function
Dice Loss
The Dice loss function was introduced in a previous medical
image segmentation study (Milletari et al., 2016). The authors
calculated the Dice loss using the Dice coefficient, which is
an index used to evaluate the segmentation performance. For
segmentation of the prostrate, the Dice loss exhibited superior
performance to the re-weighted logistic loss. In this study,
the Dice loss (LDice) was employed according to the following
function:














Here, i depicts the pixel location, l represents the label, and
Nl is the total number of labels. pli is the softmax probability
calculated from the deep learning network, and gli is the ground
truth probability at location i and label l. ε is the smoothing term
to prevent division by zero. The Dice coefficient of each label has
a value between 0 and 1. The loss function (1– averaged Dice
coefficient) is used for training.
Hybrid Loss
The Dice loss demonstrated its usefulness in the segmentation
problem of medical images (Milletari et al., 2016; Guha Roy et al.,
2019; Khalili et al., 2019). However, new losses that improve
the Dice loss have recently been introduced (Sudre et al., 2017;
Wong et al., 2018). The Dice loss is unfavorable for relatively
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FIGURE 1 | Illustration of proposed network based on U-Net. Our network uses a 128 × 128 2D slice as the input and predicts the probability of five labels
(background, left and right CP, and left and right inner volume of CP).
small structures, as misclassifying a few pixels can lead to a
large reduction in the coefficient (Wong et al., 2018). Therefore,
we adopted the logarithmic Dice loss (focal loss; Lfocal), which

















Here, γ dictates the non-linearities of the loss function. In this
study, the optimum value of γ was 0.3 (Wong et al., 2018). This
focal loss balances between structures that are easy and difficult
to segment. Furthermore, we developed the boundary Dice loss
to enhance the boundary segmentation accuracy. The Dice loss
is effective at increasing the overall overlap between the ground
truth and predictions; however, it lacks segmentation accuracy
for boundary areas. Thus, to increase the weight of the boundary
area, we calculated its Dice loss and added it to the loss for the
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In the above equation, we use 	 to denote erosion; B is the
erosion kernel (disk shape with diameter of 7), and λ is the weight
for the boundary Dice loss. The boundary was detected through
erosion and subtraction, and the Dice loss was calculated from
the detected area and added to the whole-area Dice loss. The
mixing weight λ was experimentally chosen by evaluating the
Dice coefficient of the validation data for each λ in the range of
0.1–0.5; the best performance was obtained for λ = 0.1.
Aggregation
Multi-View Aggregation
Multi-view aggregation combines the predicted results in each
orthogonal view, yielding a 3D regularization for errors occurring
in 2D plane segmentation (Guha Roy et al., 2019). We trained
a separate CNN for each of the three planes: axial, coronal, and
sagittal. The predictions of each plane network were aggregated
into the final segmentation map. The final segmentation map
using multi-view aggregation (pmv) was computed as follows:



























are the predicted four-
dimensional probability arrays consisting of 3D of the voxel space
and one dimension of the labels for axial, coronal, and sagittal
planes, respectively. In the i-th voxel, the probabilities across the
planes are summed and then a label with the highest probability
is assigned as the final label. The predicted results for the axial
and coronal planes (paxi and pcor) include 5 labels (background,
left inner volume of CP, right inner volume of CP, left CP, and
right CP), whereas result for sagittal plane (psag) contains only 3
labels (background, inner volume of CP, and CP) because there is
no information on the left and right hemispheres in 2D sagittal
view. Therefore, psag of the inner volume of CP is added to both
probabilities of left and right inner volume of CP from other
planes, and probability of CP is also added to both left and right.
Figure 2A illustrates the multi-view aggregation.
Test-Time Augmentation
Test-time augmentation has been employed recently to improve
the performance of various applications, including segmentation
and classification (Matsunaga et al., 2017; Wang et al., 2019). The
TTA technique was applied in the testing phase to improve the
accuracy by creating various test results and combining these
results. Ensemble of multiple prediction results for a single input
can reduce prediction errors that may occur in a single prediction.
We generated four outputs with artificially augmented inputs:
original, horizontal flip, vertical flip, and horizontal/vertical flip
(Figure 2B). In the case where slices are inverted left to right, the
left and right sides of the output will be inverted from the original
state. Therefore, when the left and right sides are inverted, an
additional label inversion is applied to switch the left and right
labels. For example, the final label map by the axial plane TTA
(pTTA_axi) is computed as follows:




+ Tv (paxi)+ Thv (paxi)





Here, Th, Tv, and Thv are the horizontal flip, vertical flip,
and horizontal/vertical flip transformation, respectively. This is
similar to the multi-view aggregation in terms of combining
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FIGURE 2 | Schematic representation of proposed segmentation procedure. (A) Multi-view aggregation combines segmentations from each trained model along
three planes: coronal, sagittal, and axial. (B) TTA prediction synthesizes multiple segmentations by flip augmentation to generate a final segmentation map. (C) To
enhance prediction accuracy, MVT aggregation is a combination of multi-view aggregation and TTA.
multiple results, whereas it differs from synthesizing multiple
results in one view.
MVT Aggregation
MVT aggregation is a combination of 3D information from
multi-view aggregation and ensemble of multiple predictions
from TTA (Figure 2C). We applied TTA on each plane to obtain
multiple results, and aggregated these results from each view to
obtain the final result. In this study, the final label value on the
i-th location [pMVT (i)] is computed as follows:















Here, psum_axi, psum_cor, and psum_sag are augmented
prediction probability maps obtained from the axial, coronal,
and sagittal planes, respectively. By increasing the number of
prediction results used in the multi-view, more regularization
effects are obtained than in the multi-view aggregation. A total
of 11 (4 axial, 4 coronal, and 3 sagittal) prediction results were
aggregated to generate the final 3D segmentation label map.
Training Strategy
Our model was tested with 52 fetuses using ten-fold cross-
validation. Stratified sampling was used to match the GA
distribution between training folds. 10% of the training samples
selected through stratified sampling was used as a validation set.
The hybrid loss described above was used for training, and deep
learning was optimized using Adam (learning rate = 0.0001)
(Kingma and Ba, 2015). For setting the optimal network weights
in each fold, we monitored the Dice coefficient in the validation
set in every epoch until there is no longer improvement of the
Dice coefficient during the last 100 epochs using early stopping
function. Then the network weights at the highest Dice coefficient
in the validation set were stored as the optimal network. To
increase the training dataset, data augmentation was applied.
The augmentation parameters were vertical, horizontal, and
vertical/horizontal flips. The type of data augmentation applied
to the training phase was applied equally to the TTA prediction.
For MVT aggregation, three networks of three orthogonal planes
were trained. Although the three networks have the same
structure, the number of the last outputs from the network of
sagittal plane is different from those of axial and coronal planes,
because the left and right hemispheres cannot be separated
in sagittal plane.
Evaluation
The automatic segmentation performance was evaluated by
the Dice coefficient used to measure the volume overlap and
the MSD in order to quantify the boundary accuracy between
the ground truth and the prediction segmentation map. The
training of the network was based on 2D slices, whereas
the proposed method evaluation was conducted in final 3D
segmentation result. Furthermore, the CP volume and surface
indices were measured and compared between the ground truth
and automatically segmented volumes. To calculate the surface
index, we adopted surface extraction procedure used in our
previous studies (Im et al., 2017; Tarui et al., 2018; Yun et al., 2019,
2020b). Spatial smoothing was performed in the segmented inner
volume of the CP using a 1.5 mm full width at half-maximum
kernel to minimize noise. Using the smoothed inner volume
of the CP, the hemispheric (left and right) triangular surface
meshes of the inner CP boundary were automatically extracted
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by a function “isosurface” in MATLAB 2019b (MathWorks
Inc., Natick, MA, United States). The surface models were
geometrically smoothed using Freesurfer1 to eliminate noise and
small geometric changes. We calculated the CP volume based on
the automatic segmentation result. Then, the surface area and
global mean curvature (GMC) were calculated from the inner
CP surface. The surface area was computed based on Voronoi
region of each surface mesh vertex (Meyer et al., 2003). Mean
curvature was defined as the angular deviation from each vertex
(Meyer et al., 2003).
Statistical Analysis
We evaluated the effect of the loss and aggregation types on
the automatic segmentation accuracy in four regions (left inner
volume of CP, right inner volume of CP, left CP, and right
CP) using the two-way repeated measure analysis of variance
(ANOVA). Then, employing the post hoc test (Holm–Bonferroni
method) for each effect, we determined which loss function and
aggregation method performed best. The types of loss functions
tested are basic Dice loss and hybrid loss, and the types of
aggregation are MVT, multi-view, TTAaxi, TTAcor , axi, and cor.
The axi and cor denote the results obtained using only the
original slice without any aggregation. There is no comparison
for the sagittal plane since there is no information of the left
and right hemispheres. TTAaxi and TTAcor are obtained by
applying TTA to the axial and coronal planes, respectively. Multi-
view results are obtained from the combination of using only
one result without TTA on the three planes, and MVT results
from the combination of multiple results by applying TTA on
all three planes. The numbers of segmentation aggregations are
11 (MVT), 3 (multi-view), 4 (TTAaxi), 4 (TTAcor), 1 (axi), and
1 (cor). We used paired t-test to compare the performance
between 2D multi-view network and 3D network. For direct
comparison between the two networks, the same basic Dice loss
was used without TTA. Subsequently, the similarities in the CP
1https://surfer.nmr.mgh.harvard.edu
volume, surface area, and GMC between manual and automatic
segmentation were evaluated using linear regression. Finally,
we statistically evaluated whether the segmentation accuracies
are associated with data properties, such as the subject age
and imaging scanner. We evaluated GA-related changes of the
Dice coefficient and MSD using the Pearson correlation analysis.
Segmentation accuracies were statistically compared between
different MR scanners (47 subjects from Siemens 3T at BCH vs.
5 subjects from Philips 1.5T at TMC) using a permutation test
based on random resampling 10,000 times.
RESULTS
Effect of Loss Function
The repeated measure ANOVA test showed no difference
between the Dice loss and hybrid loss in the inner volume
of CP. However, the hybrid loss had a significantly higher
segmentation accuracy (higher Dice coefficient and lower MSD)
in the CP compared with the Dice loss (CP Dice coefficient
[left, right]: p = 0.027, p = 0.024; CP MSD: p = 0.024, p =
0.024). The Dice coefficient and MSD for each loss are shown in
Table 1. Figure 3 shows an example of segmentation to verify the
effect of hybrid loss.
Effect of Aggregation Method
The Dice coefficient and MSD for each aggregation method
are shown in Table 1. In post hoc testing, axi and cor showed
no statistical difference from each other in all four regions;
however, they showed significantly increased accuracy when TTA
was applied (TTAaxi vs. axi and TTAcor vs. cor). There was no
significant difference between TTAaxi and TTAcor . Multi-view
aggregation exhibited a better performance than single plane-
based TTA. Significantly large differences were found in most
regions, except in the MSD of the right CP. Compared with
other aggregation methods, the proposed MVT method yielded
a significantly higher Dice coefficient in all post hoc tests. MVT
TABLE 1 | Statistical comparisons of segmentation performance obtained by different loss functions and aggregation methods.
Loss Aggregation
Hybrid Basic Dice MVT Multi-view TTAaxi TTAcor axi cor
Dice in_L 0.978 ± 0.009 0.978 ± 0.009 0.980 ± 0.008 0.979 ± 0.008a 0.978 ± 0.009a,b 0.977 ± 0.009a,b 0.977 ± 0.009a,b,c 0.976 ± 0.009a,b,c,d
in_R 0.977 ± 0.011 0.977 ± 0.011 0.979 ± 0.011 0.978 ± 0.011a 0.977 ± 0.012a,b 0.977 ± 0.011a,b 0.976 ± 0.011a,b,c,d 0.976 ± 0.011a,b,c,d
CP_L 0.899 ± 0.027 0.885 ± 0.048* 0.907 ± 0.027 0.904 ± 0.027a 0.897 ± 0.027a,b 0.855 ± 0.126a,b 0.894 ± 0.026a,b,c 0.893 ± 0.029a,b,c
CP_R 0.898 ± 0.031 0.884 ± 0.050* 0.906 ± 0.031 0.902 ± 0.030a 0.896 ± 0.032a,b 0.896 ± 0.033a,b 0.892 ± 0.031a,b,c,d 0.851 ± 0.126a,b
MSD in_L 0.293 ± 0.092 0.293 ± 0.095 0.267 ± 0.092 0.277 ± 0.090a 0.294 ± 0.097a,b 0.299 ± 0.099a,b 0.308 ± 0.097a,b,c 0.312 ± 0.096a,b,c,d
in_R 0.300 ± 0.112 0.297 ± 0.110 0.271 ± 0.110 0.282 ± 0.107a 0.299 ± 0.118a,b 0.303 ± 0.116a,b 0.318 ± 0.115a,b,c,d 0.321 ± 0.108a,b,c,d
CP_L 0.199 ± 0.059 0.544 ± 1.064* 0.188 ± 0.060 0.190 ± 0.058 0.199 ± 0.060a,b 1.229 ± 3.178 0.209 ± 0.060a,b,c 0.213 ± 0.064a,b,c
CP_R 0.202 ± 0.070 0.551 ± 1.078* 0.186 ± 0.069 0.204 ± 0.077a 0.203 ± 0.073a 0.205 ± 0.073a 0.215 ± 0.072a,c,d 1.247 ± 3.192
Axi and cor denote one original slice result of axial and coronal planes, respectively. TTAaxi and TTAcor aggregate four axial and four coronal view results, respectively.
Multi-view aggregates three results (one axial, one coronal, and one sagittal). MVT combines 11 segmentation results (four axial, four coronal, and three sagittal) by
applying TTA and multi-view simultaneously.
∗Significantly different from hybrid loss; asignificantly different from MVT; bsignificantly different from multi-view; csignificantly different from TTAaxi ; dsignificantly different
from TTAcor ; all significant results: Holm–Bonferroni corrected p < 0.05.
Data: mean ± standard deviation; in: inner volume of CP; L: left, R: right.
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FIGURE 3 | Example of segmentation results with different loss function. The black arrows indicate the errors of segmentation when using the Dice loss. Since the
loss for boundary was added, the proposed hybrid loss achieves more accurate segmentation results compared to the Dice loss.
also showed a significantly lower MSD than other methods in
all comparisons except for those with multi-view and TTAcor
in the left CP and cor in the right CP. All statistical values
of the comparisons among aggregation methods are shown in
Supplementary Tables 1–3. Figure 4 shows the example of
segmentation to verify the effect of each aggregation method. For
a visual comparison of the segmentation performance according
to the aggregation method, box plots of both evaluation metrics
are shown in Figure 5. Additionally, when compared to the
2D multi-view network, the 3D network obtained a significantly
lower segmentation accuracy in both the Dice coefficient and
MSD (see Table 2).
Volume and Surface Index Comparison
We evaluated similarity between the manual and our automatic
segmentations in terms of the CP volume, area, and GMC of
the inner CP surface. Figure 6 shows the regression results
between the indices obtained from the manual and automatic
segmentations. The coefficient (β) of the linear regression is close
to 1 in all indices, and it is statistically significant (p < 0.0001).
An R2 value of 0.94 or more is obtained for all indices. Therefore,
the proposed method produced a very similar CP volume and
surface indices when compared to manual segmentation.
Effects of Age and Scanner on
Segmentation Performance
We evaluated the performance of the proposed method with
respect to different GA and scanners. In terms of the MSD, for
all regions, there were no significant changes of segmentation
accuracy by GA (inner volume of CP [left, right]: p = 0.113,
p = 0.063; CP: p = 0.089, p = 0.055). The Dice coefficient was
significantly reduced with GA in the inner volume of CP (left:
p = 0.001, right: p = 0.002). However, the correlations between
the Dice coefficient and GA were not statistically significant in
the left and right CP (left: p = 0.055, right: p = 0.073). Figure 7
shows age-related trends of segmentation accuracy.
The accuracies obtained using automatic segmentation did
not vary significantly across all regions between the two scanners
(inner volume of CP Dice coefficient [left, right]: p = 0.402, p =
0.406; CP Dice coefficient: p = 0.218, p = 0.239; inner volume of
CP MSD: p = 0.603, p = 0.628; CP MSD: p = 0.384, p = 0.357).
DISCUSSION
We developed a method to segment the CP of the fetal brain
with high performance by employing the hybrid loss and MVT.
The accuracy of the segmentation results obtained using our
proposed method (Dice coefficient > 0.906, MSD < 0.185 mm)
was superior to those using previous methods (Bach Cuadra
et al., 2009; Habas et al., 2010; Serag et al., 2012; Wright et al.,
2014; Khalili et al., 2019). Furthermore, the strong correlations
of the volume-based index and surface-based indices between
automatic and manual segmentation were found.
Hybrid Loss Function
We proposed a new hybrid loss to improve the segmentation
accuracy at the boundary regions between tissues as well as the
overall segmentation performance. Compared with the basic Dice
loss, the hybrid loss showed significantly higher Dice coefficient
and lower MSD (see Table 1). The proposed loss employed focal
Dice loss in order to increase the overall performance, and focal
boundary Dice loss in order to increase the boundary accuracy.
In the multi-label segmentation problem, the adjustment of the
segmentation weight between target labels in the network loss
function is one of the primary factors affecting the performance
(Sudre et al., 2017). The proposed method adopts a focal
Frontiers in Neuroscience | www.frontiersin.org 7 December 2020 | Volume 14 | Article 591683
fnins-14-591683 November 26, 2020 Time: 22:4 # 8
Hong et al. Fetal Cortical Plate Segmentation
FIGURE 4 | Example of segmentation results with different aggregation methods. The black arrows indicate the errors of segmentation. The proposed MVT method
effectively eliminated segmentation errors that remained even after using TTA or multi-view aggregation.
FIGURE 5 | Box plots of segmentation accuracy. The proposed method yields a significantly higher Dice coefficient and lower MSD compared with other methods.
The gray line is the connection between the same subjects. Post hoc results are listed in Table 1 and Supplementary Tables 1–3.
structure to adjust the segmentation weight without the need for
a weight calculation process. The focal structure created using
the logarithmic Dice loss assigns a larger gradient to lower-
performance target labels (Wong et al., 2018). As we proposed,
our result showed that the hybrid loss was more accurate than
the basic Dice loss at the boundary area (Figure 3).
Recently, studies that employ boundary-related loss functions
have been conducted (Schmidt and Boykov, 2012; Karimi
and Salcudean, 2020). The Hausdorff distance (HD) loss was
proposed to include the surface distance in the loss function
(Karimi and Salcudean, 2020). However, the calculation process
is complicated, and the weight compensation is difficult as the
Frontiers in Neuroscience | www.frontiersin.org 8 December 2020 | Volume 14 | Article 591683
fnins-14-591683 November 26, 2020 Time: 22:4 # 9
Hong et al. Fetal Cortical Plate Segmentation
TABLE 2 | Statistical comparisons of segmentation performance between 2D
network with multi-view aggregation and 3D networks.
2D multi-view 3D network Paired t-test
t p
Dice in_L 0.979 ± 0.008 0.974 ± 0.010 8.352 0.0001
in_R 0.978 ± 0.011 0.974 ± 0.011 8.563 0.0001
CP_L 0.904 ± 0.028 0.819 ± 0.223 2.797 0.0073
CP_R 0.901 ± 0.031 0.881 ± 0.033 12.822 0.0001
MSD in_L 0.279 ± 0.092 0.369 ± 0.117 −8.067 0.0001
in_R 0.283 ± 0.108 0.371 ± 0.137 −6.615 0.0001
CP_L 0.190 ± 0.059 1.875 ± 5.565 −2.134 0.0377
CP_R 0.217 ± 0.101 0.255 ± 0.081 −3.091 0.0032
Data, mean ± standard deviation; L, left; R, right.
range of values of the Dice and boundary loss vary. In this study,
we proposed a morphological erosion-based boundary Dice loss
which is simple and similar to the whole-area Dice loss, and
the weight adjustment is straightforward as the range is the
same as the whole-area Dice loss. An additional experiment was
conducted to compare the segmentation performance between
the HD loss (focal Dice loss + HD loss) and the hybrid
loss proposed in this paper. There was no statistical difference
between the two loss functions (paired t-test, CP Dice coefficient
[left, right]: p = 0.686, p = 0.544; CP MSD: p = 0.398, p =
0.243). The proposed method has an advantage because it not
only requires much simpler computation and weight control
compared to the previous study (Karimi and Salcudean, 2020),
but also shows a high segmentation performance.
MVT Aggregation
We propose the MVT aggregation, which combines multi-view
aggregation and TTA. Compared to other aggregation methods,
the proposed method showed significant increases in the Dice
coefficient exhibited in all regions. The MSD significantly
decreased in all regions except for the left CP of multi-view,
the left CP of TTAaxi, and the right CP of cor. Our deep
learning network did not fully utilize the 3D information of
MRI as it was trained based on 2D slices. Therefore, to correct
2D results using 3D information, a multi-view aggregation was
adopted, which synthesizes the results from networks of three
orthogonal planes to generate a final 3D segmentation result.
TTA was applied to improve the accuracy using various predicted
segmentation maps. TTA improves the prediction accuracy by
applying data augmentation to obtain multiple prediction results
and ensemble them. As a result of the evaluation, we found
that higher accuracies were obtained with a larger number of
segmentation results (Table 1 and Supplementary Tables 1–3).
TTA results (TTAaxi and TTAcor) showed higher accuracies than
those of one slice (axi and cor) (Table 1 and Supplementary
Table 1). The results demonstrate that multi-prediction by TTA
can reduce errors that may occur in single prediction (axi and
cor). Notably, multi-view results were more accurate than TTA
(Table 1 and Supplementary Table 2). For the final segmentation
map, multi-view aggregation was corrected using three results
from three planes, and it was more accurate than the TTA
corrected with four results from one plane. This result indicates
that 3D information from multi-view aggregation is more helpful
for precise segmentation than the ensemble of the result using
TTA. Also, multi-view aggregation outperformed the 3D network
(Table 2). Although multi-view aggregation approach is based
on a 2D network, it can reflect 3D information and utilize
more training data, which may result in better segmentation
performance compared to 3D network. MVT proposed in this
study combines four results in the axial plane, four results in
the coronal plane, and three results in the sagittal plane to
finally produce the final segmentation with 11 prediction results.
Therefore, the ensemble of multiple predictions using TTA was
obtained, and at the same time, to generate more accurate
segmentation results, the regularization of 3D information using
multi-view aggregation was incorporated. The comparison of
MVT with other approaches is shown in Table 1 (Supplementary
Table 3). Figure 4 shows that as the level of the synthesis
increases, the segmentation error decreases. It is shown that the
error caused by prediction using only one slice can be corrected
by TTA or multi-view, but more effectively by MVT.
Measurement of Volume- and
Surface-Based Indices Using Automatic
Segmentation
The accurate segmentation of brain regions is a fundamental
step for the further analysis of brain morphometry using
volume- and surface-based indices. The indices obtained from
our segmentation method showed high correlations with the
corresponding indices obtained from ground truth. When the CP
volume is small, accurate results were obtained, whereas when
the volume of the CP increased (>20 cc), the fitting accuracy
decreased. This occurs because as the fetus grows and the brain
size increases, the CP quickly becomes more complex and folded,
increasing the difficulty of automatic segmentation. However, the
actual average prediction errors remained low at values as small as
1.714 cc for the left CP and 2.308 cc for the right CP. Compared
to the CP volume, regression models of surface indices showed
higher correlations in the whole GA range between manual and
automatic segmentation. Thus, our findings demonstrate that the
proposed automatic segmentation method is reliable for further
volume- and surface-based analyses.
Gestational Age and Scanner Effects on
CP Segmentation
We used the Dice coefficient, MSD, and volume- and surface-
based indices to evaluate the segmentation accuracy. Among
them, in the fitting result for the CP volume, the accuracy of
fitting tends to decrease as the volume of the CP increases.
This trend is assumed to be related to the effect of the GA on
the segmentation accuracy. The accuracy of CP segmentation
exhibited a decreasing trend with an increase in GA, which is
likely to result from the increasing complexity of the CP folding.
However, the relationship between the GA and CP segmentation
accuracy was not statistically significant. Upon measuring the
accuracy for fetuses older than GA 30 weeks, the average Dice
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FIGURE 6 | Regression plots of volume, surface area, and surface GMC from ground truth and our automatic segmentation. The fitting result coefficient (β) was very
close to unity in all indices in all regions.
coefficient and MSD were 0.967 and 0.323 mm, respectively, for
the inner volume of CP, and 0.891 and 0.220 mm, respectively, for
the CP. Hence, the proposed method demonstrated a high level
of segmentation performance even in older fetuses. Additionally,
Supplementary Figure 1 shows local segmentation errors with
different GA group. We divided the GA into three groups
(22.9–25.3 [n = 19], 25.3–27.5 [17], 27.5–31.4 [16]), and showed
examples of the segmentation errors for the subjects having the
maximum, median, and minimum CP Dice coefficient in each
GA group.
We performed permutation tests to verify whether there
is any significant difference in the segmentation performance
depending on the scanner. No statistical difference was found
between scanners for all metrics, indicating that our results were
not biased by the scanner effect.
Comparison With Other Methods
We propose a deep learning network for CP segmentation using
MR images obtained from 52 fetuses. The proposed method
obtained a Dice coefficient of 0.907 ± 0.027 and 0.906 ± 0.031,
and an MSD of 0.182 ± 0.058 mm and 0.185 ± 0.069 mm for
the left and right CP, respectively, using hybrid loss and MVT.
Compared with other methods, we used a larger sample of the
fetal dataset and varied the number of labels for segmentation.
Therefore, it is difficult to compare the methods directly. Our
proposed segmentation method was compared directly with a
recent fetal CP segmentation deep learning model and indirectly
with previous methods that used the EM algorithm and atlas-
based segmentation. To the best of our knowledge, only two
MRI studies and one ultrasound study have proposed the
fetal CP segmentation method using deep learning (Khalili
et al., 2019; Dou et al., 2020; Wyburd et al., 2020). Among
them, our method was directly compared to one peer-reviewed
study (Khalili et al., 2019). The authors applied a 2D U-Net
with basic Dice loss to coronal MRI slices obtained from 12
fetuses, and a Dice coefficient of 0.835 and MSD of 0.307 mm
were obtained for the CP volume (Khalili et al., 2019). When
compared with our proposed deep learning model, the structure
of the model was the same, but the loss function used for
training was different and the MVT approach was not used.
FIGURE 7 | Age-related trends of segmentation accuracy of the proposed
method. (A) Dice coefficient. (B) MSD.
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TABLE 3 | Cortical plate (CP) segmentation performance of the proposed method and other methods.
Deep learning (direct) EM (indirect) Atlas-based (indirect)
Proposed Khalili et al., 2019 Bach Cuadra et al., 2009 Habas et al., 2010 Wright et al., 2014 Serag et al., 2012
No. subject (GA range) 52 (22.9–31.4) 52 (22.9–31.4) 4 (29–32) 14 (20.6–22.9) 16 (22.4–36.4) 15 (21.7–38.7)
Dice CP_L 0.907 ± 0.027 0.894 ± 0.030 − − − −
CP_R 0.906 ± 0.031 0.811 ± 0.251 − − − −
CP 0.907 ± 0.029 0.852 ± 0.141 0.625 ± 0.038 0.82 ± 0.02 − 0.84 ± 0.06
MSD CP_L 0.182 ± 0.058 0.212 ± 0.064 − − − −
CP_R 0.185 ± 0.069 2.277 ± 6.388 − − −− −
CP 0.184 ± 0.063 1.245 ± 3.226 0.697 ± 0.079 − 0.864 ± 0.141 −
For direct comparison with the previous deep learning method of (Khalili et al., 2019), we implemented their method and applied it to our dataset. The Dice coefficient
and MSD of EM and atlas-based methods were taken from their published papers for indirect comparison. The proposed method shows a higher Dice coefficient and a
lower MSD when compared to previous studies either directly or indirectly.
Data, mean ± standard deviation; L, left; R, right. Bold values indicate the results of our proposed method that show the best performance.
Therefore, of the results in this paper, the result obtained
using basic Dice loss in the network for coronal slices can be
considered to result from the method of the prior study (CP
Dice coefficient [left, right] = 0.894 ± 0.030, 0.811 ± 0.251;
CP MSD = 0.212 ± 0.064 mm, 2.277 ± 6.388 mm). The
proposed method showed a significantly higher segmentation
accuracy using hybrid loss and MVT compared to the prior
deep learning method (Khalili et al., 2019) (CP Dice coefficient
[left, right]: p < 0.0001, p = 0.009; CP MSD : p < 0.0001,
p = 0.022). The results obtained by the EM algorithm were
as follows: (Bach Cuadra et al., 2009): 4 subjects; 29–32 weeks
GA; Dice coefficient = 0.63 ± 0.04; MSD = 0.70 ± 0.08 mm,
(Habas et al., 2010): 14 subjects; 20.57–22.86 weeks GA; Dice
coefficient = 0.82 ± 0.02, (Wright et al., 2014): 16 subjects;
22.4–36.4 weeks GA; MSD = 0.86 ± 0.14 mm. The atlas-based
segmentation method reported a Dice coefficient of 0.84 ± 0.06
for CP using MRI data from 15 fetuses (21.7–38.7 weeks GA)
(Serag et al., 2012). Detailed results are shown in Table 3. Our
method shows a better performance in terms of both the Dice
coefficient and MSD when directly or indirectly compared to
previous methods. The GA range of fetal subjects included in
our study is narrower compared to some of the previous studies
(Serag et al., 2012; Wright et al., 2014), which may result in higher
accuracy as the older fetal brain MRI scans with complex folding
are more difficult for CP segmentation. However, compared with
the results obtained in our study, those studies utilized very few
fetal MRI scans (≤16) and showed considerable differences in
the Dice coefficient and MSD. Moreover, we found no significant
correlations between the GA and CP segmentation accuracy,
and obtained high accuracies even for fetuses over 30 weeks
GA, as described above. Therefore, the narrow GA range in our
study was not a bias causing the high accuracy. The previous
deep learning study employed the basic Dice loss in multi-
label segmentation, and showed relatively poor performance in
small volume labels (Sudre et al., 2017; Wong et al., 2018).
Although the authors applied several augmentation methods
to increase the amount of training data in deep learning, they
did not include the correction achieved by multiple predictions.
The higher accuracy obtained in our method may be attributed
to the inclusion of a loss function suitable for multi-label
segmentation and correction by multiple predictions using MVT.
The relatively low performance of the EM algorithm and atlas-
based segmentation may be due to the registration quality as the
brain template created by combining multiple images is blurred
compared to individual images. It is not easy to obtain an accurate
registration of the brain template to a target subject image,
even with non-linear transformation. Furthermore, the partial
volume effect of the CP boundary owing to the limited fetal MRI
resolution and motion decreases the accuracy with which the
likelihood probability of the EM algorithm and the registration
accuracy of the atlas-based method can be estimated. The
proposed method used only linear registration to unify the size of
input images. Unlike previous methods, deep learning is free of
registration effects because it does not need to accurately match
any prior information. Furthermore, the inaccuracy that results
from the partial volume effect may also be sufficiently trained by
deep learning to enable a similar segmentation, as is possible with
the ground truth. The proposed deep learning network exhibits
a higher segmentation performance using hybrid loss and MVT
than other methods.
Limitations
Despite the accurate CP segmentation with MVT and hybrid
loss, there are some limitations to the proposed method. First,
because the folding pattern of the fetal brain changes dynamically
and becomes more complex as gestation progresses, a decreasing
trend was observed in the CP segmentation accuracy with age
although it was not statistically significant. Therefore, to improve
the segmentation accuracy, it is necessary to include a larger
number of fetuses above 30 weeks GA. Second, the proposed
model did not include cerebrospinal fluid (CSF). In particular,
the segmentation of deep sulcal CSF is essential for precise
outer CP surface extraction, which enables the further analysis
of cortical measures, such as cortical thickness. However, because
of the limited resolution of fetal brain MRI scans and the partial
volume effect of CSF in narrow deep sulcal regions, the manual
segmentation of CSF in these regions is highly challenging.
Although CSF segmentation was included in previous studies
(Wright et al., 2014; Khalili et al., 2019), it has not been
designed to extract deep sulcal CSF. In future studies, we will
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carefully delineate fetal CSF regions and train them to develop an
automatic method for CSF segmentation.
CONCLUSION
The proposed method segments the fetal CP providing highly
accurate measurements of CP volume and the highly accurate
surface reconstruction of the CP. The hybrid loss and MVT
show a significant increase in accuracy compared to the basic
Dice loss and other aggregation methods. Although most of our
comparisons were performed indirectly, the proposed method
showed better fetal CP segmentation performance than other
methods. Likewise, the comparisons of CP volume and surface
indices between prediction and ground truth showed high
similarity. Our results indicate that our proposed automatic
segmentation method is useful for performing an accurate
quantitative cortical structural analysis in the human fetal brain.
The developed automatic segmentation is more reproducible
than manual segmentation as it is not affected by inter- and
intra-rater variability, and it has a short computation time.
DATA AVAILABILITY STATEMENT
The datasets generated for this study are not readily available
because the fetal MRIs used in this study was not available
publically. Requests to access the datasets should be directed to
KI, kiho.im@childrens.harvard.edu.
ETHICS STATEMENT
The studies involving human participants were reviewed and
approved by Institutional Review Boards at the Boston Children’s
Hospital (BCH) and Tufts Medical Center (TMC). Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS
KI, HJY, and J-ML designed the main idea and directed the overall
analysis. JH and HJY developed the algorithm and carried out the
data processing and experiments. GP, SK, CL, LS, TT, CR, CO,
and PG assisted with the data collection and result interpretation.
JH, HJY, KI, and J-ML wrote the manuscript with input from
all authors.
FUNDING
This research was supported by a grant of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry
of Health & Welfare, Republic of Korea (grant number:
HI19C0755); Institute of Information & Communications
Technology Planning & Evaluation (IITP) grant funded by
the Korea government (MSIT) [No. 2020-0-01373, Artificial
Intelligence Graduate School Program (Hanyang University)];
Eunice Kennedy Shriver National Institute of Child Health
and Human Development of the National Institutes of Health
(NIH) (R21HD094130, U01HD087211, R01HD100009, and
K23HD079605); National Institute of Neurological Disorders
and Stroke of the National Institutes of Health (R01NS114087);
American Heart Association (19IPLOI34660336); National
Institutes of Health/National Heart, Lung, and Blood Institute
(K23HL141602); National Institute of Neurological Disorders
and Stroke (K23-NS101120); National Institute of Biomedical
Imaging and Bioengineering (R01EB017337); and the Susan
Saltonstall Foundation.
SUPPLEMENTARY MATERIAL




Alom, M. Z., Yakopcic, C., Hasan, M., Taha, T. M., and Asari, V. K. (2019).
Recurrent residual U-Net for medical image segmentation. J. Med. Imaging
6:014006. doi: 10.1117/1.jmi.6.1.014006
Bach Cuadra, M., Schaer, M., Andre, A., Guibaud, L., Eliez, S., and Thiran, J.-P.
(2009). Brain tissue segmentation of fetal MR images. Int. Conf. on Med. Image
Comput. and Comput. Assist. Interv. 2009, 1–9.
Chen, H., Dou, Q., Yu, L., Qin, J., and Heng, P. A. (2018). VoxResNet:
deep voxelwise residual networks for brain segmentation from 3D
MR images. Neuroimage 170, 446–455. doi: 10.1016/j.neuroimage.2017.
04.041
Clevert, D. A., Unterthiner, T., and Hochreiter, S. (2016). “Fast and accurate
deep network learning by exponential linear units (ELUs),” in 4th International
Conference on Learning Representations, ICLR 2016 - Conference Track
Proceedings. 2016, San Juan.
Clouchoux, C., Kudelski, D., Gholipour, A., Warfield, S. K., Viseur, S., Bouyssi-
Kobar, M., et al. (2012). Quantitative in vivo MRI measurement of cortical
development in the fetus. Brain Struct. Funct. 217, 127–139. doi: 10.1007/
s00429-011-0325-x
Dou, H., Karimi, D., Rollins, C. K., Ortinau, C. M., Vasung, L., Velasco-Annis, C.,
et al. (2020). A Deep Attentive Convolutional Neural Network for Automatic
Cortical Plate Segmentation in Fetal MRI. Available at: https://github.com/
wulalago/FetalCPSeg (accessed June 29, 2020).
Estrada, S., Lu, R., Conjeti, S., Orozco-Ruiz, X., Panos-Willuhn, J., Breteler,
M. M. B., et al. (2020). FatSegNet: a fully automated deep learning pipeline for
adipose tissue segmentation on abdominal dixon MRI. Magn. Reson. Med. 83,
1471–1483. doi: 10.1002/mrm.28022
Ghafoorian, M., Karssemeijer, N., Heskes, T., Van Uden, I. W. M., Sanchez, C. I.,
Litjens, G., et al. (2017). Location sensitive deep convolutional neural networks
for segmentation of white matter hyperintensities. Sci. Rep. 7:5110. doi: 10.1038/
s41598-017-05300-5
Guha Roy, A., Conjeti, S., Navab, N., and Wachinger, C. (2019). QuickNAT: a fully
convolutional network for quick and accurate segmentation of neuroanatomy.
Neuroimage 186, 713–727. doi: 10.1016/j.neuroimage.2018.11.042
Habas, P. A., Kim, K., Rousseau, F., Glenn, O. A., Barkovich, A. J., and Studholme,
C. (2010). Atlas-based segmentation of developing tissues in the human brain
with quantitative validation in young fetuses. Hum. Brain Mapp. 31, 1348–1358.
doi: 10.1002/hbm.20935
He, K., Zhang, X., Ren, S., and Sun, J. (2016). “Identity mappings in deep residual
networks,” in Lecture Notes in Computer Science (including subseries Lecture
Frontiers in Neuroscience | www.frontiersin.org 12 December 2020 | Volume 14 | Article 591683
fnins-14-591683 November 26, 2020 Time: 22:4 # 13
Hong et al. Fetal Cortical Plate Segmentation
Notes in Artificial Intelligence and Lecture Notes in Bioinformatics), eds B.
Leibe, J. Matas, N. Sebe, and M. Welling, (Berlin: Springer Verlag), 630–645.
doi: 10.1007/978-3-319-46493-0_38
Im, K., Guimaraes, A., Kim, Y., Cottrill, E., Gagoski, B., Rollins, C., et al. (2017).
Quantitative folding pattern analysis of early primary sulci in human fetuses
with brain abnormalities. Am. J. Neuroradiol. 38, 1449–1455. doi: 10.3174/ajnr.
A5217
Im, K., Pienaar, R., Paldino, M. J., Gaab, N., Galaburda, A. M., and Grant,
P. E. (2013). Quantification and discrimination of abnormal sulcal patterns in
polymicrogyria. Cereb. Cortex 23, 3007–3015. 10.1093/cercor/bhs292
Ioffe, S., and Szegedy, C. (2015). “Batch normalization: accelerating deep network
training by reducing internal covariate shift,” in 32nd International Conference
on Machine Learning, ICML 2015, France: International Machine Learning
Society (IMLS), 448–456.
Jenkinson, M., Bannister, P., Brady, M., and Smith, S. (2002). Improved
optimization for the robust and accurate linear registration and motion
correction of brain images. Neuroimage 17, 825–841. doi: 10.1006/nimg.2002.
1132
Jin, H., Li, Z., Tong, R., and Lin, L. (2018). A deep 3D residual CNN for false-
positive reduction in pulmonary nodule detection. Med. Phys. 45, 2097–2107.
doi: 10.1002/mp.12846
Jog, A., Grant, P. E., Jacobson, J. L., van der Kouwe, A., Meintjes, E. M., Fischl, B.,
et al. (2019). Fast infant MRI skullstripping with multiview 2D convolutional
neural networks. arXiv [Preprint], Available at: http://arxiv.org/abs/1904.12101
(accessed February 27, 2020).
Karimi, D., and Salcudean, S. E. (2020). Reducing the Hausdorff distance in medical
image segmentation with convolutional neural networks. IEEE Trans. Med.
Imaging 39, 499–513. doi: 10.1109/TMI.2019.2930068
Khalili, N., Lessmann, N., Turk, E., Claessens, N., de Heus, R., Kolk, T., et al. (2019).
Automatic brain tissue segmentation in fetal MRI using convolutional neural
networks. Magn. Reson. Imaging 64, 77–89. doi: 10.1016/j.mri.2019.05.020
Kingma, D. P., and Ba, J. L. (2015). “Adam: a method for stochastic optimization,”
in 3rd Int. Conf. on Learn. Represent., ICLR 2015 - Conf. Track Proc, San Diego,
CA.
Kleesiek, J., Urban, G., Hubert, A., Schwarz, D., Maier-Hein, K., Bendszus, M., et al.
(2016). Deep MRI brain extraction: a 3D convolutional neural network for skull
stripping. Neuroimage 129, 460–469. doi: 10.1016/j.neuroimage.2016.01.024
Kuklisova-Murgasova, M., Quaghebeur, G., Rutherford, M. A., Hajnal, J. V.,
and Schnabel, J. A. (2012). Reconstruction of fetal brain MRI with intensity
matching and complete outlier removal. Med. Image Anal. 16, 1550–1564.
doi: 10.1016/j.media.2012.07.004
Kushibar, K., Valverde, S., González-Villà, S., Bernal, J., Cabezas, M., Oliver, A.,
et al. (2018). Automated sub-cortical brain structure segmentation combining
spatial and deep convolutional features. Med. Image Anal. 48, 177–186. doi:
10.1016/j.media.2018.06.006
Matsunaga, K., Hamada, A., Minagawa, A., and Koga, H. (2017). Image
classification of melanoma, nevus and seborrheic keratosis by deep neural
network ensemble. arXiv [Preprint], Available at: http://arxiv.org/abs/1703.
03108 (accessed March 5, 2020).
Meyer, M., Desbrun, M., Schröder, P., and Barr, A. H. (2003). “Discrete
differential-geometry operators for triangulated 2-manifolds bt - visualization
and mathematics III,” in Visualization and Mathematics III. Mathematics and
Visualization, eds H. C. Hege, and K. Polthier, (Berlin: Springer), doi: 10.1007/
978-3-662-05105-4_2
Milletari, F., Navab, N., and Ahmadi, S. A. (2016). “V-net: fully convolutional
neural networks for volumetric medical image segmentation,” in Proc. - 2016
4th Int. Conf. on 3D Vision, 3DV 2016, Piscataway, NJ: Institute of Electrical
and Electronics Engineers Inc, 565–571. doi: 10.1109/3DV.2016.79
Ortinau, C. M., Rollins, C. K., Gholipour, A., Yun, H. J., Marshall, M., Gagoski,
B., et al. (2019). Early-emerging sulcal patterns are atypical in fetuses with
congenital heart disease. Cereb. Cortex 29, 3605–3616. doi: 10.1093/cercor/
bhy235
Ronneberger, O., Fischer, P., and Brox, T. (2015). “U-net: convolutional networks
for biomedical image segmentation,” in Lecture Notes in Computer Science
(including subseries Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics), eds B. Leibe, J. Matas, N. Sebe, and M. Welling, (Berlin:
Springer Verlag), 234–241. doi: 10.1007/978-3-319-24574-4_28
Schmidt, F. R., and Boykov, Y. (2012). “Hausdorff distance constraint for
multi-surface segmentation,” in Lecture Notes in Computer Science. (including
subseries Lecture Notes in Artificial Intelligence and Lecture Notes in
Bioinformatics), eds B. Leibe, J. Matas, N. Sebe, and M. Welling, (Berlin:
Springer Verlag), 598–611. doi: 10.1007/978-3-642-33718-5_43
Scott, J. A., Habas, P. A., Kim, K., Rajagopalan, V., Hamzelou, K. S., Corbett-Detig,
J. M., et al. (2011). Growth trajectories of the human fetal brain tissues estimated
from 3D reconstructed in utero MRI. Int. J. Dev. Neurosci. 29, 529–536. doi:
10.1016/j.ijdevneu.2011.04.001
Serag, A., Edwards, A. D., Hajnal, J. V., Counsell, S. J., Boardman, J. P., and
Rueckert, D. (2012). A multi-channel 4D probabilistic atlas of the developing
brain: application to fetuses and neonates. Spec. Issue Ann. Br. Mach. Vis. Assoc.
2012, 1–14.
Sudre, C. H., Li, W., Vercauteren, T., Ourselin, S., and Jorge Cardoso, M. (2017).
“Generalised dice overlap as a deep learning loss function for highly unbalanced
segmentations,” in Lecture Notes in Computer Science. (including subseries
Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics), eds
B. Leibe, J. Matas, N. Sebe, and M. Welling, (Berlin: Springer Verlag), 240–248.
doi: 10.1007/978-3-319-67558-9_28
Tarui, T., Madan, N., Farhat, N., Kitano, R., Tanritanir, A. C., Graham, G., et al.
(2018). Disorganized patterns of sulcal position in fetal brains with agenesis of
corpus callosum. Cereb. Cortex 28, 3192–3203. doi: 10.1093/cercor/bhx191
Wachinger, C., Reuter, M., and Klein, T. (2018). DeepNAT: deep convolutional
neural network for segmenting neuroanatomy. Neuroimage 170, 434–445. doi:
10.1016/j.neuroimage.2017.02.035
Wang, G., Li, W., Aertsen, M., Deprest, J., Ourselin, S., and Vercauteren, T. (2019).
Aleatoric uncertainty estimation with test-time augmentation for medical
image segmentation with convolutional neural networks. Neurocomputing 338,
34–45. doi: 10.1016/j.neucom.2019.01.103
Wong, K. C. L., Moradi, M., Tang, H., and Syeda-Mahmood, T. (2018). “3D
segmentation with exponential logarithmic loss for highly unbalanced object
sizes,” in Lecture Notes in Computer Science. (including subseries Lecture Notes
in Artificial Intelligence and Lecture Notes in Bioinformatics), eds B. Leibe,
J. Matas, N. Sebe, and M. Welling, (Berlin: Springer Verlag), 612–619. doi:
10.1007/978-3-030-00931-1_70
Wright, R., Kyriakopoulou, V., Ledig, C., Rutherford, M. A., Hajnal, J. V., Rueckert,
D., et al. (2014). Automatic quantification of normal cortical folding patterns
from fetal brain MRI. Neuroimage 91, 21–32. doi: 10.1016/j.neuroimage.2014.
01.034
Wyburd, M. K., Jenkinson, M., and Namburete, A. I. L. (2020). “Cortical plate
segmentation using CNNs in 3D fetal ultrasound,” in Communications in
Computer and Information Science, eds Papież, W. Bartłomiej, Namburete, I.
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